
upersymmetry s 
Invented about ten 

is a symmetry that connects particles of integral and half-integral spin. 
years ago by physicists in Europe and the Soviet Union, supersymmetry 

was immediately recognized as having amazing dynamical properties. In particular, 
this symmetry provides a rational framework for unifying all the known forces between 

elementary particles-the strong, weak, electromagnetic, and gravitational. Indeed, it 
may also unify the separate concepts of matter and force into one comprehensive 
framework. 

In the supersymmetric world depicted here, each boson pairs with a fermion partner, 





There are two types of symmetries in 
nature: external (or space-time) symmetries 
and internal symmetries. Examples of inter- 
nal symmetries are the symmetry of isotopic 
spin that identifies related energy levels of 
the nucleons (protons and neutrons) and the 
more encompassing SU(3) X SU(2) X U(1) 
symmetry of the standard model (see "Par- 
ticle Physics and the Standard Model"). 
Operations with these symmetries do not 
change the space-time properties of a par- 
ticle. 

External symmetries include translation 
invariance and invariance under the Lorentz 
transformations. Lorentz transformations, 
in turn, include rotations as well as the 
special Lorentz transformations, that is, a 
"boost" or a change in the velocity of the 
frame of reference. 

Each symmetry defines a particular opera- 
tion that does not affect the result of any 
experiment. An example of a spatial transla- 
tion is to, say, move our laboratory (ac- 
celerators and all) from Chicago to New 
Mexico. We are, of course, not surprised that 
the result of any experiment is unaffected by 
the move, and we say that our system is 
translationally invariant. Rotational in- 
variance is similarly defined with respect to 
rotating our apparatus about any axis. In- 
variance under a special Lorentz transforma- 
tion corresponds to finding our results un- 
changed when our laboratory, at rest in our 
reference frame, is replaced by one moving at 
a constant velocity. 

Corresponding to each symmetry opera- 
tion is a quantity that is conserved. Energy 
and momentum are conserved because of 
time and space-translational invariance, re- 
spectively. The energy of a particle at rest is 
its mass (E = me2). Mass is thus an intrinsic 
property of a particle that is conserved be- 
cause of invariance of our system under 
space-time translations. 

Spin. Angular momentum conservation is a 
result of Lorentz invariance (both rotational 
and special). Orbital angular momentum re- 
fers to the angular momentum of a particle in 
motion, whereas the intrinsic angular 

momentum of a particle (remaining even at 
rest) is called spin. (Particle spin is an ex- 
ternal symmetry, whereas isotopic spin, 
which is not based on Lorentz invariance, is 
not.) 

In quantum mechanics spin comes in inte- 
gral or half-integral multiples of a fundamen- 
tal unit h (h = h/2n where A is Planck's 
constant). (Orbital angular momentum only 
comes in integral multiples of h.) Particles 
with integral values of spin (0, h, 2 h, . . .) are 
called bosons, and those with half-integral 
spins (h/2, 3h/2, 5 h/2, . . .) are called fer- 
mions. Photons (spin l), gravitons (spin 2), 
and pions (spin 0) are examples of bosons. 
Electrons, neutrinos, quarks, protons, and 
neutrons-the particles that make up or- 
dinary matter-are all spin-% fermions. 

The conservation laws, such as those of 
energy, momentum, or angular momentum, 
are very useful concepts in physics. The fol- 
lowing example dealing with spin and the 
conservation of angular momentum 
provides one small bit of insight into their 
utility. 

In the process of beta decay, a neutron 
decays into a proton, an electron, and an 
antineutrino. The antineutrino is massless 
(or very close to being massless), has no 
charge, and interacts only very weakly with 
other particles. In short, it is practically in- 
visible, and for many years beta decay was 
thought to be simply 

However, angular momentum is not con- 
served in this process since it is not possible 
for the initial angular momentum (spin 112 
for the neutron) to equal the final total 
angular momentum (spin 112 for the proton 
Â spin 112 for the electron Â an integral value 
for the orbital angular momentum). As a 
result, W. Pauli predicted that the neutrino 
must exist because its half-integral spin 
restores conservation of angular momentum 
to beta decay. 

There is a dramatic difference between the 
behavior of the two groups of spin-classified 
particles, the bosons and the fermions. This 

difference is clarified in the so-called spin- 
statistics theorem that states that bosons 
must satisfy commutation relations (the 
quantum mechanical wave function is sym- 
metric under the interchange of identical 
bosons) and that fermions must satisfy anti- 
commutation relations (antisymmetric wave 
functions). The ramification of this simple 
statement is that an indefinite number of 
bosons can exist in thF same place at the 
same time, whereas only one fermion can be 
in any given place at a given time (Fig. I). 
Hence "matter" (for example, atoms) is 
made of fermions. Clearly, if you can't put 
more than one in any given place at a time, 
then they must take up space. If they are also 
observable in some way, then this is exactly 
our concept of matter. Bosons, on the other 
hand, are associated with "forces." For ex- 
ample, a large number of photons in the 
same place form a macroscopically ob- 
servable electromagnetic field that affects 
charged particles. 

Supersymmetry. The fundamental prop- 
erty of supersymmetry is that it is a space- 
time symmetry. A supersymmetry operation 
alters particle spin in half-integral jumps, 
changing bosons into fermions and vice 
versa. Thus supersymmetry is the first sym- 
metry that can unify matter and force, the 
basic attributes of nature. 

If supersymmetry is an exact symmetry in 
nature, then for every boson of a given mass 
there exists a fermion of the same mass and 
vice versa; for example, for the electron there 
should be a scalar electron (selection), for the 
neutrino, a scalar neutrino (sneutrino), for 
quarks, scalar quarks (squarks), and so forth. 
Since no such degeneracies have been ob- 
served, supersymmetry cannot be an exact 
symmetry of nature. However, it might be a 
symmetry that is inexact or broken. If so, it 
can be broken in either of two inequivalent 
ways: explicit supersymmetry breaking in 
which the Lagrangian contains explicit terms 
that are not supersymmetric, or spontaneous 
supersymmetry breaking in which the La- 
grangian is supersymmetric but the vacuum 
is not (spontaneous symmetry breaking is 
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Fix, L (a) An examp& of a symmetric waifefunction for apuir ofbosons and 0 M 

explained in Notes 3 and 6 of "Lecture 
Notes-From Simple Field Theories to the 
Standard Model"). Either way will lift the 
boson-fermion degeneracy, but the latter way 
will introduce (in a somewhat analogous way 
to the Higgs boson of weak-interaction sym- 
metry breaking) a new particle, the Gold- 
None fermion. (We develop mathematically 
some of the ideas of this paragraph in 
"Supersymmetry and Quantum Mechan- 
ics".) 

A question of extreme importance is the 
scale of supersymmetry breaking. This scale 
can be characterized in terms of the so-called 
supergap, the mass splitting between fer- 
mions and their bosonic partners (ti2 = ~i - 
M$). Does one expect this scale to be of the 
order of the weak scale (- 100 GeV), or is it 
much larger? We will discuss the first 
possiblity at length because if supersym- 
metry is broken on a scale of order 100 GeV 
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t,̂  . a>- in 
Quantum Mechanics 

and back 

The BtorBMJBie Oscillater. In ordter to illustrate ?ws e<Ã $̂eQa&nc 
5fEqs. t through 3, we first need to review the j~uantaia-~tecbanical 
trameat of the harmonic oscillator. 

The Hamibtuan for this system is 







assail 

First we may add a small symmetry breaking term to the Hamilto- 
aian, that is, H - H + s/f where e is a small parameter and 

bat the ground state does no$, 

by "eating" the goldstino (here Gy is Newton's gravitatioaal constant 
aad Ass is the vacuum expectation of m e  field that W~taaeously 
bteafes supersymmetry). 

Thus, if the i<teas of supersymmetry are correct, there is an 
underlying symmetry connecting bosons aad fernmions that is **W- 
den" in nature by spontaneous symmetry breaking. B 
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continued/rorn page 101 

tions. Many workers in the field are, how- 
ever, still pursuing these elegant notions. 

Recently a third motivation for supersym- 
metry has been suggested. I shall describe the 
motivation and then discuss its expected 
consequences. 

For many years Dirac focused attention on 
the "problem of large numbers" or, more 
recently, the "hierarchy problem." There are 
many extremely large numbers that appear 
in physics and for which we currently have 
no good understanding of their origin. One 
such large number is the ratio of the gravita- 
tional and weak-interaction mass scales 
mentioned earlier (MpdMw - 10"). 

The gravitational force between two parti- 
cles is proportional to the product of the 
energy (or mass if the particles are at rest) of 
the two particles times GN. Thus, since GN a 
1 / ~ $ ,  the force between two W bosons at 
rest is proportional to M ~ / M &  - 1 o - ~ ~ .  This 
is to be compared to the electric force be- 
tween W bosons, which is proportional to a 
= e2/(4nhc) - l o 2 ,  where e is the elec- 
tromagnetic coupling constant. Hence gravi- 
tational interactions between all known 
elementary particles are, at observable 
energies, at least 1 032 times weaker than their 
electromagnetic interactions. 

The key word is observable, for if we could 
imagine reaching an energy of order ~ ~ ~ c ~ ,  
then the gravitational interactions would be- 
come quite strong. In other words, gravita- 
tionally bound states can be formed, in prin- 
ciple, with mass of order Mpl - 1019 GeV. 
The Planck scale might thus be associated 
with particles, as yet unobserved, that have 
strong gravitational interactions. 

At a somewhat lower energy, we also have 
the grand unification scale (MG - 1015 GeV 
or greater), another very large scale with 
similar theoretical significance. New parti- 
cles and interactions are expected to become 
important at MG. 

In either case, should these new 
phenomena exist, we are faced with the ques- 
tion of why there are two such diverse scales, 
Mw and MpI (or MG), in nature. 

The problem is exacerbated in the context 
of the standard model. In this mathematical 

Fig. 2. If An (left) represents a perturbative mass correction for an ordinary particle 
H due to the creation of a virtual photon y, then a supersymmetry rotation of the 
central region of the diagram will generate a second mass correction A, (right) 
involving the supersymmetric partners H and the photino y. If supersymmetry is an 
exact symmetry, then the total mass correction is zero. 

framework, the W boson has a nonzero mass 
Mw because of spontaneous symmetry 
breaking and the existence of the scalar par- 
tide called the Higgs boson. Moreover, the 
mass of the W and the mass of the Higgs 
particle must be approximately equal. Un- 
fortunately scalar masses are typically ex- 
tremely sensitive to the details of the theory 
at very high energies. In particular, when one 
calculates quantum mechanical corrections 
to the Higgs mass p . ~  in perturbation theory, 
one finds 

where 

In these equations u.& is the zeroth order 
value of the Higgs boson mass, which can be 

zero, and is the perturbative correction. 
The parameter a is a generic coupling con- 
stant connecting the low mass states of order 
Mw and the heavy states of order Mlarge, that 
is, the largest mass scale in the theory. For 
example, some of the theorized particles with 
mass Mpl or MG will have electric charge and 
interact with known particles. In this case, a 
= e2/4nhc, a measure of the electromagnetic 
coupling. Clearly u.n is naturally very large 
here and not approximately equal to the 
mass of the W. 

Supersymmetry can ameliorate the prob- 
lem because, in such theories, scalar particles 
are no longer sensitive to the details at high 
energies. As a result of miraculous cancella- 
tions, one finds 

This happens in the following way (Fig. 2). 
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Table 1 

For each ordinary mass correction, there will 
be a second mass correction related to the 
first by a supersymmetry rotation (the sym- 
metry operation changes the virtual particles 
of the ordinary correction into their cor- 
responding supersymmetric partners). Al- 
though each correction separately is propor- 
tional to a M&~, the sum of the two correc- 
tions is given by Eq. 3. In this case, if & = 0, 
then p . ~  = 0 and will remain zero to all orders 
in perturbation theory as long as supersym- 
metry remains unbroken. Hence supersym- 
metry is a symmetry that prevents scalars 
from getting "large" masses, and one can 
even imagine a limit in which scalar masses 
vanish. Under these conditions we say 
scalars are "naturally" light. 

How then do we obtain the spontaneous 
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breaking of the weak interactions and a W 
boson mass? We remarked that supersym- 
metry cannot be an exact symmetry of 
nature; it must be broken. Once supersym- 
metry is broken, the perturbative correction 
(Eq. 3) is replaced by 

where Ass is the scale of supersymmetry 
breaking. If supersymmetry is broken spon- 
taneously, then Ass is not sensitive to Mlaiw 
and could thus have a value that is much less 
than Miam This correction to the Higgs 
boson mass can then result in a spontaneous 
breaking of the weak interactions, with the 
standard mechanism, at a scale of order Ass 

l a r g e  

The PW@eI(Â¤S We've diseased a bit of the 
motivation for supersymmjErtry. Now let*@ 
dê eribe the m.siaqqences of the minimal 
mpersynun-etw extensi~n of the standard 
model, that is, thepartieles. their masses* and 
their interaetiems. 
The m&le spectrum is literally doubled 

(Table 1). Far every sM-% quark or lenton 
there h a spin-0 scalar partner {squatrk or 
siepton) with the same quantum numbers 
under the SU(3) X SU(2) X U{1) gauge ifflfew- 
actions. (We show only the first family of 
quarks and leptons ia Table 1 ; the @(her two 
fanUKes include the s, c. &, asd t quarks, and, 
f ir leptoas, the muen and tau a d  their 
associated neutnjaios.1 

The spin4 gauge bosom (thfe photon *f, the 
w âk interaction batons W* and Z @  and 
the gluons g) have mitt-% fermiomc partners, 
called ga-ugi-nos. 
Likewise, the spin4 Eggs hsoa, respan- 

able tar- the spontaneous syttinafitry breaking 
of the wsak ititeracti6n should have as@-% 
fennionic partner, called a Higgstaa. Ekw- 
ever, we have included two sets of weak 

s, denoted Â and & 
Hi&@ bosom and four 

Although only one weak doublet 
of Hi@  ̂ bornas is required for ths weak 
breakins ofthe scaadard model, a consistent 
su=rsyttimetry theory reqtrfres the two sets^ 
As a result (unlite the standard model, which 
prdicte one nattal ffiggs bosoa), supeisym- 
metry pmdicfe that we sfcould observe two 
c k g d  and three ~ienffal H i  bornas. 

F W y ,  other particles, related to sym- 
metry breaking and to gravity, &houM be 
introduced. For a global supenyameitly, 
tfaese  arti ides wffl be a massla& spin-% 
Gol<fetino and its @n-0 partner. Mowevear, 
in the local supersymmetry theory needed 
for gravity, @we win also lass a graviton and 
its supzrsyn~cietric partner, the gtavitino. 
We will discuss this point ia greater detail 
later, bat local wmm%ry breaking eonibmes 
the Gdldstitto with the gravitino to foptft a 
naamk, miller than a massless, gmvitteo. 

In Baany eases the doubting of particles, 
just outlined creates a ~~~persroimetric part- 
ner that is absolutely stable. Such a particle 
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fig. 3. Examples of interactions between ordinary particle^ 
(left) and the corresponding interactions between an ore 
dinary particle and two supersymmetric particles (right! 

obtained by performing a supersymmetry flotation on the 
first interaction. 

could, in fact, be the dominant form of mat- following manner. 
ter in our universe. Although an unbroken supersymmetry 

can keep scalars massless, once supersym- 
The Masses. What is the expected mass for metry is broken, all scalars obtain quantum 
the supersymmetric partners of the ordinary corrections to their masses proportional to 
particles? The theory, to date, does not make the supersymmetry breaking scale Ass, that is 
any firm predictions; we can nevertheless 
obtain an order-of-magnitude estimate in the 8p2 - a A& , ( 5 )  

which is Eq, 4 with the first negligible term 
dropped. If we demand the Higgs mass J.& - 
5p2 to be of order ~ ] y ,  then A& - M&/U is at 
most of order 1000 GeV. Moreover, the mass 
splitting between all ordinary particles and 
their supersymmetric partners is again of 
order Mw. We thus conclude that if super- 
symmetry is responsible for the large ratio 
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with supersymmetry will be seen in the next 
generation of high-energy accelerators. 

The Interactions. As a result of supersym- 
metry, the entire low-energy spectrum of 
particles has been doubled, the masses of the 
new particles are of order &, but these 
masses cannot be predicted with any better 
accuracy. A reasonable person might there- 
fore ask what properties, if any, can we 
predict. The answer is that we know all the 
interactions of the new particles with the 
ordinary ones, of which several examples are 
shown in Fig. 3. To get an interaction be- 
tween ordinary and new particles, we can 
start with an interaction between three or- 

dinary particles and rotate two of these (with 

Fig. 5. A process involving supersymmetric particles (a gluino and squarks a) that 
generates two hadronic jets. 
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a supersymmetry operation) into their super- 
symmetric partners. The important point is 
that as a result of supersymmetry the coupl- 
ing constants remain unchanged. 

Since we understand the interactions of 
the new particles with the ordinary ones, we 
know how to find these new objects. For 
example, an electron and a positron can an- 
nihilate and produce a pair of selections that 
subsequently decay into an electron-positron 
pair and two photinos (Fig. 4). This process 

I is easily recognizable and would be a good 
signal of supersymmetry in high-energy elec- 
tron-positron colliders. 

-persymmetry is also evident in the proc- 
ess illustrated in Fig. 5. Here one of the three 
quarks in a proton interacts with one of the 
quarks in an antiproton; the interaction is 
mediated by a gluino. The result is the gen- 
eration of two squarks that decay into quarks 
and photinos. Because quarks do not exist as 
free particles, the experimenter should ob- 
serve two hadronic jets (each jet is a collec- 
tion of hadrons moving in the same direction 
as, and as a consequence of- the initial mo- 
tion of a single quark). The two photinos will 
generally not interact in the detector, and 
thus some of the total energy of the process 
will be "missing". 

The theories we have been discussing until 
now have been a minimal supersymmetric 
extension of the standard model. There are, 
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Gravity. Wfe have already remarised that 
supersymmetry may be ierthw a global or a 
local symmetry. If it i s  a gtobal5~ymmctty~ 
the Goldstitto is massless sand the lightest 
supe-syittmetrie partner. However,, if super- 
syftiaietry is a local symmetry, it ne-ly 
hfi11~des the gravity of general vsS&tiVIty and 
the Ool&tfao becomes part, of a massive 
gravitino (the spin-siz pi~tner of the mvi- 
ton) with mass 

With Ass of order Ady/ 6 or 1000 CkV, ffio 
is extremely sneall(- 1Or"l0 times the mss ~f 
the eteetfoa). 

Recently it was realised that under ceftatn 
eireumsta&eesAÃ can he much 1aqgr than 
fi bat, at the same time, tite pertrarhative 
mrreetions &u2 6an still satisfy the constraint 
that they he of order ~ ^ y s .  In these special 
cases, supeifymmq teaking effects m- 
ish in the limit as so- very large mass 
div<sta&&; that is, we obtain 

6. The decay mode of the 9t6ttfn predicted by the minimal unifteation 
symmetry SU(5). The expected &my products are a neutral n" and a positron 

The theory of minimal SU(5) predicts sin2& 
= 0.2 1, whereas the experimentally observed 
value is 0.22 A 0.0 1, in excellent agreement. 

The two predictions of SU(5) that have 
not been verified experimentally are the ex- 
istence of magnetic monopoles and proton 
decay. The expected abundance of magnetic 
monopoles today is crucially dependent on 
poorly understood processes occurring in the 
first second of the history of the uni- 
verse. As a result, if they are not seen, we may 
ascribe the problem to our poor understand- 
ing of the early universe. On the other hand, 
if proton decay is not observed at the ex- 
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Ill 

petted rate, then minimal SU(5) is in serious and 
trouble. n+ 7te1'. 

The dominant decay modes predicted by These processes involve the exchange of a so- 
minimal SU(5) for the nucleons are 

called X or Y boson with mass of order Mr, 

p - rcoe+ 
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(Fig. 6), so that the predicted proton lifetime 
Tp IS 

M b i  lo- ^"%- years, 

where mp is the proton mass. 
Recent experiments, especially sensitive 

to the decay modes of Eq. 9, have found T~ S: 
years, in contradiction with the predic- 

tion. Hence minimal SU(5) appears to be in 
trouble. There are, of course, ways to com- 
plicate minimal SU(5) so as to be consistent 
with the experimental values for both sin2& 
and proton decay. Instead of considering 
such ad hoc changes, we will discuss the 
unexpected consequences of making mini- 
mal SU(5) globally supersymmetric. The pa- 
rameter sin2ew does not change consider- 
ably, whereas Mr, increases by an order of 
magnitude. Hence, the good prediction for 
sin2& remains intact while the proton life- 
time, via the gauge boson exchange process 
of Fig. 6, naturally increases and becomes 
unobservable. 

It was quickly realized, however, that 
other processes in supersymmetric SU(5) 
give the dominant contribution towards 
proton decay (Fig. 7). The decay products 
resulting from these processes would consist 
of Kmesons and neutrinos or muons, that is, 

and so would differ from the expected decay 
products of 7t mesons and positrons. This is 
very exciting because detection of the 
products of Eq. 11 not only may signal 
nucleon decay but also may provide the first 
signal of supersymmetry in nature. Experi- 
ments now running have all seen candidate 
events of this type. These events are, how- 
ever, consistent with background. It may 
take several more years before a signal rises 
up above the background. 

Experiments. An encouraging feature of the 
theory is that low-energy supersymmetry can 
be verified in the next ten years, possibly as 
early as next year with experiments now in 
progress at the CERN proton-antiproton col- 
lider. 

Experimenters at CERN recently dis- 
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Pis. 10. Two-jet m i t t s  observed by Ole U - I  ~&alwralwn at CJ3R.N CM he 
interpreted, as shown here, a process infel~iag tap mark t production. 
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~ i e .  11. The same event discussed in F&. 10, only here interpreted as a supersym- 
metric process involving squarks and antisquarks. 
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